Low testosterone has been inversely associated with hypertension. Our objective was to determine the associations between total testosterone (TT), free testosterone (FT), bioavailable testosterone (BioT), sex hormone-binding globulin (SHBG), and hypertension. Two hundred fifty-three men were enrolled in this study. TT and SHBG were measured by chemiluminescent immunoassay, and FT and BioT were calculated. Hypertension was defined as systolic blood pressure (SBP) ≥140 mm Hg and/or diastolic blood pressure (DBP) ≥90 mm Hg. Our results showed that hypertensive men had higher SHBG levels, and lower FT and BioT, compared to normotensive men. FT and BioT were inversely associated with SBP and DBP after adjusting for covariates (age, smoking, alcohol consumption, and physical activity). Furthermore, there was a significant decrease in the odds ratios for hypertension in the third and fourth quartiles of BioT and FT, compared to the lowest quartile before and after adjusting for covariates. In contrast, the OR for hypertension in the third quartile of SHBG was lower than the highest quartile. Our data show that FT and BioT are inversely correlated with SBP, DBP, and hypertension in men.
Introduction
Hypertension is a leading risk factor for cardiovascular diseases, such as stroke, coronary heart disease, and arteriosclerosis, and contributes to about half of all cardiovascular deaths. [1, 2] Androgens, synthesized and produced by Leydig cells of the testes, play a crucial role in the development and maintenance of male reproductive and sexual functions. In addition, several reports have documented that testosterone, which has a vasodilating effect, has beneficial effects on hypertension, [3, 4] and testosterone replacement therapy may decrease blood pressure in rats with hypertension. [5] The relationships between total testosterone (TT), sex hormone-binding globulin (SHBG), and hypertension are mostly based on studies involving metabolic syndrome (MetS), and those relationships have been inconsistent. MetS clinical components include abdominal obesity, dyslipidemia, hyperglycemia, and hypertension. It is reported that lower TT and free testosterone (FT) levels are associated with hypertension. [6] However, some investigators have reported that TT and FT are not correlated with hypertension. [7, 8] It has also been reported that lower SHBG is associated with hypertension. [8] In contrast, 1 article reports that SHBG shows no association with hypertension. [6] According to the American Heart Association, hypertension among MetS is defined as systolic blood pressure (SBP) ≥135 mm Hg and/or diastolic blood pressure (DBP) ≥85 mm Hg, which is also used in the above articles. [9] This diagnostic criteria is different from the definition of hypertension according to the Seventh Report of the Joint National Committee (JNC7) guideline (SBP ≥140 mm Hg and/or DBP ≥90 mm Hg), which is widely used around the world. [10] In recent decades, only 2 articles have addressed the association of TT and hypertension using the JNC7 guidelines. One study shows that TT concentrations are inversely correlated with incident hypertension. [11] Another study suggests that men with hypertension have lower levels of TT, FT, and SHBG.
Materials and methods

Subjects
We conducted a study in the Second Affiliated Hospital of Shantou University Medical College. The detailed description of this study has been reported previously. [13, 14] In total, 253 male participants between the ages of 40 and 79 years who underwent a health checkup between August 2015 and May 2016 were recruited. This study was approved by the Ethical Committee of Shantou University Medical College and by the Ethics Committee of the Second Affiliated Hospital of Shantou University Medical College. All participants provided written informed consent. Trial registration number is SUMC-2015-26.
Information concerning blood pressure and albumin were recorded at the Second Affiliated Hospital of Shantou University Medical College. Blood pressure was measured after 10 minutes of rest in a sitting position using an automatic sphygmomanometer (OMRON, BP-203RVIIIC, Kentaro, Japan). Information on lifestyle factors (smoking, alcohol consumption, and physical activity) was assessed with questionnaires. The participants were asked about their average frequency of physical activity: rarely/ never, 1 to 3 times per month, 1 to 2 times per week, and more than 3 times per week. [15] Smoking status was recorded as never, former, or current. [15] Alcohol drinking status was classified as never and current drinker. [16] Hypertension was defined as an SBP ≥140 mm Hg and/or DBP ≥90 mm Hg, according to the JNC7 guidelines. [17] 
Serum measurements of sex hormones
Testosterone mainly exists in 3 forms in the blood circulation. About half of circulating testosterone is bound to SHBG, and another half to albumin, and only 0.5% to 3% of the testosterone remains in the free, non-protein-bound form, and is referred to as FT. [18] FT and albumin-binding testosterone can be readily used by the tissues and are denoted as BioT.
Fasting blood samples were collected in the morning (before 10 AM). Blood samples were centrifuged at 3000 g for 10 minutes. All aliquots of serum were stored at À80°C until the time of assay. Serum TT and SHBG levels were measured using a Beckman DXI 800 Analysis System (Fullerton, CA). The levels of FT and BioT were calculated from known values of the TT, SHBG, and albumin by using a simple formula and a calculator widely available on the web (http://www.issam.ch/freetesto.htm). [19] 
Statistical analysis
Differences in means between normotensive and hypertensive subjects were tested by the independent samples t test or x 2 test. The t test was used for continuous variables, and x 2 test for categorical variables. Contributions of TT, FT, BioT, and SHBG to SBP and DBP were analyzed by multivariable linear analysis. SBP or DBP was used as dependent variables, and TT, FT, BioT, SHBG, age, and lifestyle factors (smoking, alcohol consumption, and physical activity) were used as independent variables. The associations of TT, FT, BioT, SHBG or their quartiles and hypertension were also analyzed using univariate logistic regression. TT, FT, BioT, and SHBG were categorized into quartiles. The lowest quartiles of TT, FT, and BioT were used as the reference category, while the highest quartile was used as the reference category for SHBG. For this regression analyses, 3 models were evaluated: model 1 was crude odd; model 2 was adjusted for age and lifestyle factors.
A confidence interval (CI) of 95% was used, and P < .05 was regarded as statistically significant. Values were presented as mean ± standard deviation. SPSS 20.0 statistical package software (SPSS Inc, Chicago, IL) was used for statistical analysis. Table 1 presents the variable characteristics of the study population between hypertension and normotension. The Table 1 Comparison of characteristics between normotensive and hypertensive men.
Results
Normotension
Hypertension BioT = bioavailable testosterone, DBP = diastolic blood pressure, FT = free testosterone, SBP = systolic blood pressure, SHBG = sex hormone-binding globulin, TT = total testosterone.
Yang et al. Medicine (2019) Table 2 shows results of multiple regression analyses without or with adjustment for age and lifestyle factors (smoking, alcohol consumption, and physical activity). TT was inversely correlated with SBP before and after adjustment for age and lifestyle factors, but was not correlated with DBP. FT was inversely correlated with SBP with and without adjustment, and was inversely correlated with DBP when adjusting for covariates (models 2).
BioT was inversely correlated with SBP and DBP with and without adjustments. SHBG was positively correlated with SBP without adjustment (models 1), but was not correlated with DBP. Additionally, Figure 1 showed that SBP was inversely associated with TT, BioT, and FT after adjusting for age and lifestyle factors. Therefore, TT, FT, BioT, and SHBG showed significant associations with SBP, and FT and BioT showed the significant associations with both SBP and DBP.
Associations between TT, FT, BioT, SHBG, and hypertension
The associations between quartiles of TT, FT, BioT, SHBG, and hypertension as determined by univariate logistic regression analysis are shown in Table 3 . The odds ratio (OR) for hypertension in the fourth quartile of TT (0.43 [95% CI: 0.18-1.01]) was lower than in the lowest quartile, but no significant association was observed after adjusting for covariates (models 2). Compared with the lowest quartile, the ORs for hypertension in the third and fourth quartiles (0.36 [95% CI: 0.15-0.85] and 0.27 [95% CI: 0.11-0.69], respectively) of FT were significantly lower. When adjusting for covariates (models 2), inverse associations were still significant. There was a significant decrease in the ORs for hypertension in the third and fourth quartiles of BioT with and without adjustment, compared to the lowest quartile. In contrast, SHBG showed a positive association with hypertension, and the OR for hypertension in the third quartile was lower than the highest quartile with and without adjustment. These results revealed that FT and BioT were inversely associated with hypertension, and SHBG was positively associated with hypertension.
Discussion
As mentioned above, the majority of plasma testosterone is bound to either SHBG or albumin and only 0.5% to 3% of TT is free and non-protein bound, and is referred to as FT. Free and albumin-bound testosterones can be readily available to the tissues and are defined as BioT. [18] Because testosterone bound to SHBG is biologically inactive, [20] the concentration of TT may not always reflect the true androgen status. Therefore, FT and BioT may be better reflections of biological activity than TT alone.
[21] Therefore, we study the associations between TT, FT, BioT, SHBG, and hypertension.
Views on the relationship between SBP, DBP, and testosterone are conflicting. In the Tromsø Study, among 1548 men aged 25 to 84 years, TT and SHBG were inversely correlated with SBP and DBP after adjusting for age and body mass index. [12] In the Study of Health in Pomerania, among adults 20 to 79 years of age, significant inverse associations between TT and SBP and DBP were also found. [11] In prior study showed that in 24-to 45-year-old Finnish men, TT, FT, and SHBG were inversely correlated with SBP and DBP when no adjustments were made. After adjusting for covariates, TT and FT were still correlated inversely with SBP, but TT, FT, and SHBG did not show significant association with DBP. [22] In the Rancho Bernardo study, conducted on 1132 men between 30 and 79 years old, showed TT was inversely correlated with SBP and DBP, but SHBG showed no relationship with blood pressure. [23] Our results are in general consistent with the previous reports. Our study shows that, without adjustments, TT, FT, and BioT are inversely associated with SBP, and BioT is also inversely associated with DBP (Table 2) . After adjustment for covariates, those associations remain significant. Therefore, our results provide new insight that BioT shows an inverse association with SBP and DBP before and after adjustment, and FT shows an inverse association with SBP and DBP after adjustment. Model 1, no adjustment; model 2, adjusted for age, smoking, alcohol consumption and physical activity. BioT = bioavailable testosterone, DBP = diastolic blood pressure, FT = free testosterone, SBP = systolic blood pressure, SHBG = sex hormone-binding globulin, TT = total testosterone.
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As for the relationship between testosterone and hypertension, most studies investigate the relationships between testosterone and MetS, as mentioned above. The relationships between TT, SHBG, and hypertension are conflicting among those studies. In non-diabetic men older than 40, TT levels have been shown not to be associated with hypertension. [7] In a cross-sectional study of 2502 community-dwelling men 70 years old or older, lower SHBG was found to be associated with hypertension. [8] In contrast, 1 study of adult Korean men, showed that TT and FT were associated with hypertension, and SHBG was not. [6] It was also reported that TT concentrations were significantly lower in men with hypertension, and that lower TT concentrations carried an increased risk of incident hypertension. [11] In postmenopausal women, TT and BioT have been shown to be positively and SHBG inversely associated with risk of hypertension. [24] Furthermore, men with hypertension have lower levels of TT, FT, and SHBG. [12] These inconsistencies may relate to differences in study design, study sample, characteristics of the study population such as age and ethics, covariates adjusted for, or methodologies used. In our study, the hypertensive men have a higher mean SHBG level, and lower FT and BioT than normotensive men (Table 1) . However, TT levels between the 2 groups were not significantly different, (Table 1) . Therefore, we demonstrate that men with hypertension have higher FT and BioT and lower SHBG.
To our knowledge, only 1 article showed the relationship between TT quartiles and hypertension, and showed TT concentrations in the lowest quartile increase the risk of incident hypertension compared to the highest quartile, independent of age, waist circumference, physical activity, smoking, and alcohol consumption. [11] In our study, Table 3 showed the associations between the quartiles of TT, FT, BioT, SHBG, and hypertension. The OR for hypertension in the fourth quartile of TT were lower than the lowest quartile, but no significant difference was found after adjusting for covariates. The ORs for hypertension in the third and fourth quartiles of FT were also lower, compared with the lowest quartile before and after adjusting for covariates. The ORs for hypertension in the third, and fourth quartiles of BioT were also lower, compared to the lowest quartile. In contrast, the OR for hypertension in the third quartile of SHBG were lower than the highest quartile. Those results confirm that FT and BioT are inversely and SHBG positively associated with hypertension There could be several possible explanations for the mechanisms of the association between testosterone and blood pressure. Testosterone receptors have been identified in endothelial cells and vascular smooth muscle cells. [25] Testosterone may exert antihypertensive effects by inducing the relaxation of isolated rabbit and rat aorta. [26, 27] Acute intracoronary administration of testosterone can cause coronary artery dilation and increase coronary blood flow. [28] In addition, TT replacement therapy had beneficial effects on blood pressure, [5, 29] but androgen suppressive therapy increased the blood pressure. [30] Our results also show that BioT and TT are inversely associated with SBP, DBP, and hypertension in men. Therefore, testosterone replacement therapy may represent potential beneficial vascular effects.
This study has several strengths. Fasting blood samples were collected between 08:00 and 10:00 hours. Samples were preferably drawn in the morning because of a diurnal variation of TT concentrations with a decline in the afternoon. [31] Samples were drawn between 0800 and 1600 hours in some studies. [11, 12] In addition, we measured individual albumin to calculate values of FT and BioT, even though it was accurate and reliable to use a fixed mean albumin for this calculation. [32] However, some potential limitations should also be mentioned. Our results were based on a single blood sample, which might have resulted in a measurement error in testosterone. Nevertheless, a single measure was reported to be adequate in middle-aged and elderly men. [33] Furthermore, TT and SHBG were measured with a chemiluminescent immunoassay instead of mass spectrometry. Although it was suggested that the best results were achieved by mass-spectrometry, the chemiluminescent immunoassay was technically simple, rapid, and was used widely in hospitals in China. Additionally, our sample size was small compared to much larger studies. [8, 11, 12] 
Conclusion
Our study showed that FT and BioT were inversely associated with SBP, and BioT was also inversely associated with DBP with and without adjusting for covariates (age, smoking, alcohol consumption, and physical activity). In addition, hypertensive men had significantly higher SHBG level, and lower FT and BioT, compared to normotensive men. The ORs for hypertension in the third and fourth quartiles of FT were lower, compared with the lowest quartile before and after adjusting for covariates. The ORs for hypertension in the third and fourth quartiles of BioT were also lower, compared to the lowest quartile. In contrast, the OR for hypertension in the third quartile of SHBG was lower than the highest quartile. Taken together, our data show that FT and BioT are inversely associated with SBP, DBP, and hypertension in men. Model 1: crude odds ratios; model 2: adjusted for age, smoking, alcohol consumption and physical activity. BioT = bioavailable testosterone, CI = confidence interval, FT = free testosterone, OR = odds ratio, SHBG = sex hormone-binding globulin, TT = total testosterone.
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